During the first 2 postnatal weeks, up to 50% of the ganglion cells in the mammalian retina normally die. Natural cell death may result from several factors, and electrical activity has been proposed as one critical element.
tetrodotoxin (TTX) have suggested that competition for survival between ganglion cells from the two eyes is mediated by their degree of neuronal activity. In addition, the level of activity of afferents to the ganglion cells has been postulated to be an important variable in determining their survival. To investigate the mechanism of cell death engendered by altered activity, I studied the effect of electrical blockade with TTX (to block sodium channels and thus action potentials) or low Ca/high Mg (to block transmitter release and hence synaptic activity) on individual neurons in vitro. For this purpose, identified retinal ganglion cells (RGCs) from postnatal rats were maintained in culture. Unlike the previous in vivo experiments, this approach permitted the exact concentration of each agent to be controlled and the electrical activity of the RGCs to be recorded. In cultures from animals of postnatal day 2-10 (P2-10), 1 ,IM TTX or 0.2 mM Ca/20 mM Mg resulted in the death of about 50% of the RGCs, representing those cells that had displayed spontaneous electrical activity, but did not affect RGCs that lacked activity. However, the death of RGCs with spontaneous activity from P11-13 animals was not influenced by these drugs. These findings suggest that during a critical period of development neurons become dependent upon electrical activity, and the cessation of this activity can result in their death. In addition, conditioned medium, collected from cultures lacking TTX, rescued from death a large proportion of TTX-treated RGCs. Thus, the critical element for survival may represent modulation of a trophic factor related to the level of activity rather than electrical activity itself. Since, in vivo, natural cell death occurs in neurons of similar type and age, and in the same proportion as that induced by the artificial blockade of electrical activity in culture, these findings may be germane to the mechanism of natural cell death in the retina.
During periods of normal development of the vertebrate central nervous system (CNS), a large proportion of neurons die (1) . For example, in the early postnatal period, about half of the retinal ganglion cells (RGCs) of rats, hamsters, and higher mammals naturally die (2) (3) (4) (5) (6) . In the pigmented rat, normal cell death proceeds for the first 1½ weeks (7, 8) . It has been suggested that this loss of neurons is due to competition between RGCs from the two eyes for their postsynaptic targets (6, 9) . The results of several experiments have further suggested that the competition, and consequent cell death, may be mediated by neuronal activity since intraocular injection of tetrodotoxin (TTX) can affect the extent of RGC survival (9) (10) (11) . In addition to the effect of efferents, a number of investigators have argued that cell death may be influenced by the degree of functional afferent innervation (12, 13) . The mechanism for activity-dependent neuronal survival is not understood; one suggestion is that competition for trophic substances during synaptic stabilization may be a critical factor in determining the outcome of survival or death (14) .
I studied the effect of electrical blockade by TTX Thus, neuronal survival may be related to a chemical factor whose presence is dependent on electrical activity; blockade of activity might prevent the release of this trophic factor into the culture medium and result in cell death. A preliminary report of this study has appeared (15) .
METHODS

Incubation of Cultured Retinal Cells with TTX. Retinas of
Long Evans rat pups were dissociated and cultured as described (16) . RGCs were identified with specific fluorescent labels (16) . A dosage of 1 gM TTX (Sigma) was chosen since this concentration has been shown to completely block the fast action potentials and Na current of RGCs (17) . TTX was added to most cultures at the time of plating. RGCs were scored for survival 24 hr later.
In another set of experiments TTX was added 10 hr after plating; this protocol permitted patch-clamp recording from individual RGCs before treatment with TTX. The cells were identified by marking the bottom of the culture dish. After exposure to TTX for 14 hr, the survival ofthe identified RGCs was determined by observing each cell. Dead cells could reliably be scored by the presence of swollen, vacuolated membranes producing an appearance as if they had "burst." Upon washing out the TTX, patch-clamp recording and fluorescein diacetate were used to confirm the state ofthe cell in multiple cases (n = 57); the result invariably agreed with the prior assessment based on the physical appearance of the cell. In addition, cells were scored as dead if they were completely absent from their original location. Previous Abbreviations: CM, conditioned medium, CNS, central nervous system; EPSP, excitatory postsynaptic potential; P, postnatal day; RGC, retinal ganglion cell; TTX, tetrodotoxin.
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As Using patch electrodes to record from the neuronal surface (20) , the presence or absence of spontaneous action potentials could be ascertained with minimal disturbance from each of the RGCs in a culture dish. However, because of reuse of the electrode in these experiments, relatively loose seals were formed (on the order of 10-100 MW) and were thus of lower resolution than whole-cell recording. One loose patch recording is illustrated in Fig. 2 , which reveals spontaneous action potentials from a clustered RGC. Fig. 3 Table 1 ). These experiments show that RGCs with spontaneous activity were more susceptible to TTX than those lacking activity. However, from these data it cannot be determined if the 20% mortality in culture under control conditions was related to normal cell death or to differences in the in vivo and in vitro environments.
The effect of TTX on cell death was observed on RGCs from P2-10 animals but not older. Neurobiology: Lipton clustered RGCs surviving in TTX and control is not significantly different from 1, indicating the absence of an effect of TTX under these conditions. Additional experiments that followed the fate of individual RGCs after patch recording produced similar findings (bottom two lines, Table 1 ). Coincidentally, by P13 natural cell death in vivo has ceased in the pigmented retina (7, 8) .
If there is indeed a period of susceptibility to blockade with TTX, then there should be some time dependence of the effect. This premise was tested by varying the age of the animals. Fig. 4c shows that the ratio of surviving clustered RGCs in TTX versus control cultures increased in older animals (P11 and 13).
On the other hand, solitary RGCs, the cells without spontaneous spikes, were relatively unaffected by the addition of TTX to the cultures despite variation in the age of the rat pups (P2-13). For example, in Fig. 4d a comparison is made between solitary RGCs from P7-8 animals in TTX versus control medium. Since the ratio of TTX to control results is roughly unity, there was no difference in the number of solitary RGCs surviving (first column), the proportion of cells that grew processes (second column), or the total length of processes per cell (third column).
Thus, when spontaneous activity in cultures from P2-10 animals was prevented by using TTX, a significant proportion of the RGCs in clusters died, but there was no untoward effect on solitary RGCs. Clearly, the increased death associated with TTX was not an indiscriminate toxic effect; it was specific only for the cells that had spontaneous action potentials, which represented 50% of the RGCs in clusters.
Effect of Low Ca/High Mg. Blockade of spontaneous synaptic activity and action potentials in clustered RGCs was observed during low Ca (0.2 mM)/high Mg (20 mM) microperfusion. Presumably, therefore, the difference between clustered RGCs with and without spontaneous activity is synaptic connectivity. Incubation of retinal cultures from P2-10 animals in low Ca/high Mg had an effect similar to TTX on increasing the death of clustered RGCs. Fig. 5a shows that the number of clustered RGCs was reduced about 50% in low Ca/high Mg medium compared to controls. Furthermore, when these cultures were then washed with the normal incubation medium, the remaining clustered RGCs did not have spontaneous electrical activity. This observation strongly suggests that the population of RGCs killed by low Ca/high Mg was the same as that killed by TTX. In addition, similar to the findings with TTX, the number of surviving clustered RGCs from the older P13 animals was unaffected by low Ca/high Mg. RGCs were counted after 1 day in culture with control medium or with medium containing TTX and/or CM (100% by volume, not including the TTX). Values are the mean + SD; n = 4. The retinal cultures were obtained from P7 animals and plated on Thy-1 antibody. Other cultures were plated on plain glass or poly(L-lysine) and yielded similar results. *Statistical comparisons were made with an analysis of variance using an F test followed by Duncan's multiple comparison of means yielding: control = CM = CM + TTX > TTX; P < 0.01.
The first column in Fig. 5b shows that the low Ca/high Mg solution did not adversely affect the number of solitary RGCs after 1 day in culture-that is, the ratio of the number of surviving solitary cells in test and control medium was nQt significantly different from unity. This result is in agreement with that obtained in TTX. Unlike the TTX effect, however, is the interesting finding that in 20 mM Mg/0.2 mM Ca a greater proportion of solitary RGCs grew processes; in addition, the total length of processes per cell increased (columns 2 and 3, Fig. 5b) . Certainly, high Mg/low Ca at a ratio of 100:1 was not adversely affecting the solitary RGCs; if anything, they grew better. Compared to the 100:1 ratio, medium containing an -10:1 ratio of Mg/Ca did not completely block synaptic activity and resulted in the death of an intermediate number of clustered RGCs. In contrast, the solitary RGCs in the 10:1 solution displayed no difference in the various parameters of process outgrowth compared to control. Possibly, then, the reason for the increase in process growth by solitary cells in the 100:1 medium was the increase in total divalents, which affects surface charge and thus adhesion.
CM Prevents Cell Death. When CM-treated cultures receiving TTX were compared to sister cultures receiving TTX in control medium, a striking difference was noted: CM appeared to protect the clustered RGCs from the increased death observed with TTX alone (Table 2 ). In contrast, preliminary results suggested that CM harvested from dishes containing TTX from the time of initial plating did not rescue clustered RGCs from death. This finding implies that elec- This effect of electrical activity could be linked to some related event such as uptake or release of a chemical factor.
Along these lines, the addition of CM to culture dishes containing TTX resulted in increased longevity of a significant number of clustered RGCs. These experiments support the notion that a trophic factor may be present in retinal cultures without' TTX, and it may be this factor that is normally secreted in toe presence of electrical activity that is important for cell survival during the critical period. If only the RGCs have TTX-sensitive action potentials in the mammali'an retina, it may be that RGC activity is specifically needed for the factor to be released. If the spikes of amacrine cells also have a TTX-sensitive component, then amacrine cell activity may be necessary for the presence of trophic factor. Nevertheless, one could envision mechanisms whereby either neurons or glialcells produce the factor, depending on the connectivity of the amacrine and RGCs in culture. The trophic factor in these experiments, however, cannot originate in the more central target neurons of RGCs since these normal targets (superior colliculus and lateral geniculate nucleus) were not present in the culture dishes.
In fact, these results suggest rather convincingly that RGC death can be regulated locally (i.e., within the retina) and without target-dependent binocular interactions. It has been reported that the dendrites of certain RGCs behave as if they must normally compete with one another for inputs intrinsic to the retina in the inner plexiform layer (12, 13) . Heretofore, there has been little direct evidence to link this dendritic competition to cell death or activity. The experiments reported in the present paper, however, could be interpreted to support the notion that presynaptic activity to the RGCs is an important variable in determining cell death.
An influence of electrical activity on cell death has also been reported by Brenneman and colleagues on cultures of spinal neurons. They found that the cytotoxic effect of TTX could be antagonized by vasoactive intestinal peptide, apparently working by way of cAMP (21) . My experiments also suggest that the effect of electrical activity may be mediated by a soluble factor in the culture fluid; one interpretation is that the level of this substance is related to the degree of activity and, possibly, in the critical period once a neuron is contacted to form a synapse it becomes dependent on this factor. Further work will be necessary to uncover the factor responsible for this protective effect in retinal cultures. In any event, the observations of the present study in combination with those of Brenneman et al. strongly suggest that blockade of ongoing or developing electrical activity during a critical period of development can lead to the progressive loss of neurons.
In vivo, natural cell death occurs in a large number (about 50%) of RGCs that are the same age as the cultured RGCs studied here (7, 8) . Whether the findings in culture, however, are a true reflection on the normal process of cell death in the CNS remains to be settled. Nevertheless, since the period of susceptibility to impulse blockade in vitro corresponds to the interval of normal neuronal death in vivo and since, the proportion of RGCs dying normally is similar to that induced by TTX or low Ca/high Mg, it is tempting to speculate that cessation of spontaneous electrical activity is involved in the physiological mechanism of natural cell death.
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